Alumina is used in various fields as a machine component. However, it has a low fracture toughness, which is a weakness. Thus, countless cracks may be initiated randomly by machining, and the cracks decrease the component's mechanical properties and reliability. To overcome this problem, crack-healing ability could be a very useful technology. In this study, firstly, strength recovery of Al 2 O 3 /SiC specimen with a semicircular groove by crack-healing was investigated for improving the structural integrity of machined alumina and reducing machining costs. Secondly, using the crack-healing ability, a new methodology to guarantee the reliability of ceramic components before service [crack-healing + proof test] was proposed. Thirdly, if a crack initiated during service, reliability would be severely impaired. Therefore, if a material can heal a crack during service, and if the healed zone has enough strength at the temperature of healing, it would be very desirable for structural integrity. From the above points of view, a new methodology to guarantee the structural integrity of ceramic components using in situ crack-healing ability was proposed and the usefulness is discussed using the test results in terms of crack-healing behavior and proof test theory by authors.
Introduction
Structural ceramics are brittle and sensitive to flaws. As the results, the structural integrity of a ceramic component may be seriously affected. The followings can be the excellent methodology to overcome these problems 1 ; (a) toughen the ceramic by fiber reinforcement, etc., (b) activate the crack-healing ability and heal a crack after machining. If a crack-healing ability 2 was used on structural components for engineering use, considerable advantages can be anticipated. With this motivation, the authors developed Si 3 N 4 3 , mullite 4 , alumina 5 , and SiC 6 with very strong crack-healing abilities.
To use these materials with a high degree of efficiency, the following topics should be studied systematically; (a) the effect of the healing condition on the strength of the crack-healed zone 3, 4, 6 , (b) the maximum crack size which can be healed completely 7 , (c) the high temperature strength of the crack-healed member 1,5,7 , (d) the cyclic and static fatigue strength of the crack-healed member at elevated temperature 7 , (e) a methodology to guarantee structural integrity of the ceramic component using the crack-healing ability 8 . Using these technologies, the reliability of ceramic components can be well guaranteed before service.
However, if a crack initiates during service, the reliability of ceramic components will decrease considerably depending on the crack size. Thus, if a material can heal a crack in service (that is to say, if a material has in situ crack-healing ability), it would be very desirable for structural integrity.
In this paper, in situ crack-healing behavior of alumina/SiC composite has been made systematically, and a new concept; [crack-healing + proof test + in situ crack-healing] is proposed. The usefulness of the new concept is discussed using crack-healing behavior of machined alumna specimen and previous test results in terms of crack-healing and proof test theory by authors.
A new concept of [crack-healing + proof test + in situ crack-healing]
Flow chart of a new methodology to guarantee the structural integrity of a ceramic component is shown in Fig. 1 . This new concept consisted of the following three stages; (a) crack-healing under optimized conditions, (b) proof testing, and (c) in-situ (in-service) crack-healing 9 .
By machining, many surface cracks will be induced and reliability will decrease considerably. However, by crack-healing under optimized conditions, surface cracks can be healed completely and reliability will be increased.
However, for the crack-healing of the above ceramics, oxygen is necessary. Consequently an embedded flaw cannot be healed. This fact means that structural integrity before service cannot be guaranteed only by crack-healing technology. Recently, a new theory to explain the temperature dependence of minimum fracture stress guaranteed based on non-linear fracture mechanics was proposed 8 . Thus, before service, the structural integrity of ceramic components can be confidently guaranteed using the concept; crack-healing + proof test. After service, if a crack initiated, structural integrity will decrease considerably depending on the crack size. However, if a material can heal a crack in service, it would be very desirable for structural integrity. Thus, for the whole lifetime, a new concept which may be called [crack-healing + proof test + in situ crack-healing] will be very desirable. Alcohol was added to the mixture was thoroughly blended for 48 h. The mixture was then placed in an evaporator to extract the solvent and next, in a vacuum desiccator to produce a dry powder mixture. The hot-pressing conditions for the materials were as follows, temperature: 1973 K; time: 2 h and pressure 35 MPa, in nitrogen environment. The sintered plates were cut into rectangular bar specimens (3 x 4 x 22 mm), as shown in Fig. 2 . The specimens were polished to a mirror finish according to the JIS standards on a tensile surface. The edges of the specimens were beveled 45 o to prevent fractures due to edge-cracks. In this paper, these specimens are called "smooth specimens". A semicircular groove was made at the center of the smooth specimens by using a diamondcoated ball-drill. The grinding conditions were follows, grindstone: φ4 #140 diamond electrocoated; number of rotation: 5000 rpm; table feed speed: 100 mm/min; cut depth by one pass: 3 -20 μm. The varied parameter was cut depth by one pass (d c ). A semicircular groove was shown in Fig. 2 . The grinding direction was perpendicular to the long side of the specimens.
The machined specimens were crack-healed in air at 1573 K -1673 K for 1 or 10 h. The healed specimens are here called "machined specimens healed". In addition, the smooth specimens were crack-healed at 1573 K for 1 h in air. These specimens are defined as "smooth specimens healed".
All fracture tests were performed on a three-point bending system with a span of 16 mm, as shown in Fig. 2 .
The tests were conducted at RT. The local fracture stress (σ LF ) of the machined specimens was evaluated because these specimens had stress concentration area by machining. From the maximum bending moment as the specimens fractured, M F , the following equation was used to evaluate the σ LF of the machined specimens.
where σ NF and Z were the nominal fracture stress and the section modulus of the machined specimens, respectively. The value of α of the semicircular groove specimen was calculated to be 1.4 from the data book 10 . μm -20 μm, respectively. The tip was very wavy, and this crack was assumed to be formed by a connection of semi-elliptical cracks.
In Fig. 3 , the symbols and show the fracture stress of the smooth specimen healed and the σ LF of the machined specimen healed at 1573 K for 1 h, respectively. Also, the symbols and show the σ LF of the machined specimens healed at 1673 K for 1 h and 10 h, respectively. The σ LF of these specimens increased significantly by crack-healing. The machined specimens healed have the same σ LF without varying d c and the constant value varied with crack-healing temperature and time. The average fracture stress of the specimens crack-healed at 1673 K for 10 h were found to reach a maximum value and the σ LF was almost equal to the fracture stress of the smooth specimen healed which must have no surface cracks. However, as the crack-healing conditions were 1573 K or 1673 K for 1 h, the average σ LF of the machined specimen healed were not almost the same level as that of the smooth specimen healed. The machined specimens healed also show a large scatter of σ LF .
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Thus, the optimized crack-healing conditions for the machined specimen are defined as heating at 1673 K for 10 h. These conditions are quite different from the optimized crackhealing conditions for the indented crack healed at 1573 K for 1 h. Proof test theory and temperature dependence of minimum fracture stress guaranteed
Sample preparation of Al 2 O 3 /SiC for [crack-healing + proof test] theory
Alumina/20 vol.% SiC particles composite, AS20P, was prepared. The quantity of SiC powder added was 20 vol.% of Al 2 O 3 powder. The hot-pressing conditions for the materials were as follows, temperature: 1923 K; time: 2 h and pressure 35 MPa, in nitrogen environment. The most important research subject of this study was to determine the usefulness of the proof test for the crack-healed specimen. Thus, Al 2 O 3 /SiC composite with excellent crack-healing ability was adopted, and many embedded flaws were consciously introduced to the test specimens by decreasing the sintering temperature from the optimized temperature.
A semi-elliptical surface crack of 100 μm in surface length was made at the center of the tensile surface of specimens with a Vickers indenter using a load of 19.6 N. The ratio of depth to half the surface length of the crack (aspect ratio) was 0.9. The specimens were crack-healed in air at 1573 K for 1 h or 1373 K for 50 h.
The crack-healed specimens were subjected to the proof test at RT. The proof test stress at RT was 435 MPa. The fracture probabilities of the crack-healed specimen by the proof stress were 30 %.
The cross-head speed for the proof test was 0.5 mm/min, and the proof test stress was not held. The specimens that survived the proof test are hereafter called proof-tested specimens in this paper.
All fracture tests were conducted using a three-point loading system with a span of 30 mm. Test temperatures are RT and high temperatures from 873 K to 1373 K.
Proof test theory
Most ceramics exhibit nonlinear fracture behavior. The nonlinear fracture behavior is expressed very well by the process zone size failure criterion proposed by Ando et al 8 . The criterion is expressed by Eq (2) as follows:
where D C is the critical process zone size, σ C and σ 0 are the fracture stress of the as-cracked specimen and the plain specimen (intrinsic bending strength), respectively, K IC is plane strain fracture toughness and a e is the equivalent crack length, which is given by the equation K C =σ C(π a e) 1/2 .
If the proof test is carried out at RT, the maximum residual equivalent crack size, a e R , can be expressed by Eq. where the superscript T indicates the value at elevated temperature T. By obtaining the temperature dependence of K IC and σ 0 , one can estimate σ G .
4.3
Results and discussions Figure 4 shows comparison between the minimum fracture stress guaranteed (σ G ) and the experimental minimum fracture stress (σ Fmin ). The open diamonds show the fracture stress of the crack-healed specimens, and the closed diamonds show the fracture stress of the crackhealed and proof-tested specimens (CHPT specimen). The solid line shows the temperature dependence of σ G . The σ G indicates negative temperature dependence. At 873 K, the minimum fracture stress of the crack-healed specimens was 278 MPa, and the value was considerably smaller than that of the CHPT specimen (388 MPa). This fact indicates clearly that the specimens including large embedded flaws could be removed by a proof test at RT.
The σ Fmin also shows negative temperature dependence up to 1373 K and shows a little higher value than that of the σ G generally. However, the σ Fmin at 1373 K is 289 MPa and showed a little lower value than σ G =310MPa. The difference is only 6.8%, which is not a serious difference. This difference was assumed to occur because the values of temperature dependence of fracture toughness K IC and intrinsic bending strength σ 0 have dispersion. From the test results, it can be concluded that Eq. (4) is applicable successfully to Al 2 O 3 /SiC composite, which exhibits large temperature dependence of intrinsic fracture stress (σ 0 ). The specimens crack-healed under static stresses below 150 MPa were never fractured during crack-healing treatment, and had the same bending strength as the specimens crack-healed under no-stress at 1473 K. A few specimens crack-healed under static stress above 180 MPa were fractured during crack-healing. Therefore, the threshold static stress during crackhealing of AS15P having the pre-crack σ C ap,s was found to be 150 MPa. Also, the threshold cyclic stress, σ C ap,c , was found to be 180 MPa. It was found that the crack-healing occurs although the pre-crack growth by the applied stress.
As shown in this figure, the σ C ap,s was found to be smaller than σ C ap,c . This implied that the crack growth behavior of all specimens is time dependent rather than cyclic dependent at high temperature, and then the threshold stresses of every condition during crack-healing have been found to be the threshold static stress, 150 MPa. The strength of as-cracked specimen was about 225 MPa. Thus, it was found that ceramic components having the adequate crackhealing ability can crack-heal under stress below 66 % the strength of as-cracked specimen. Static fatigue test at high temperature
In the previous section, the crack-healing occurs although the pre-crack growth by the applied stress. In this section, static fatigue test at 1373 K of the crack-healed and proof tested specimens was conducted. The specimen used in this study was AS20P, and the proof test and fracture test conditions were same as the previous section.
The test results are shown in Fig 6 with respect to the correlation with applied stress (σ app ) and time to failure (t f ) at the healing temperature of 1373 K. Monotonic bending strengths at 1373 K of the CHPT specimen (▼) were shown on the left-hand side in Fig. 6 . The static fatigue tests were stopped at t = 3.6 x 10 5 s (100 h) according to the Japan Industrial Standard 12 . The specimens did not fracture in the tests are marked by arrow symbols (→). The maximum applied stress at which a specimen did not fracture up to t s = 3.6 x 10 5 s was defined as static fatigue limit and was denoted as σ tf .
From Fig. 6 , the value of the static fatigue limit (σ tf ) for the CHPT specimen at 1373 K is about 310 MPa. This value is almost equal to the value of the minimum fracture stress guaranteed (σ G ) at 1373 K. Moreover, the bending strength of the specimens that survived static fatigue tests were investigated at 1373 K. The bending strengths are shown on the righthand side of Fig. 7 . The CHPT specimens that survived the static fatigue test showed bending strengths similar to monotonically tested specimens. Moreover, all survived specimens fracture occurred outside of the crack-healed zone. As the results, it can be easily understood that the crack-healed zone exhibited higher bending strength than that of the base material. Assuming that very small fatigue crack initiated during fatigue testing, the crack will be healed during fatigue testing, and the embedded flaws were not sensitive because these flaws were blocked from environment.
It can be concluded that a small crack initiated during fatigue test can easily be healed during fatigue testing, and the fatigue limit (σ tf ) becomes almost equal to the minimum fracture stress guaranteed (σ G ). Figure 6 : Static fatigue test results at 1373 K of crack-healed and proof-tested specimen (AS20P)
Conclusions
A new methodology to guarantee the structural integrity of ceramics components which may be called "[crack-healing + proof test + in situ crack-healing]" was proposed and the flow chart was shown. This new concept is a very useful technology to guarantee the structural integrity of a ceramic component over all its lifetime, if the material used has large crackhealing ability.
